In addition, the importance of new research in a dynamic environment driven by the expansion of human territories and animal production systems is highlighted. A new paradigm is proposed for novel research approaches to infectious diseases such as influenza.
The role of animal reservoirs in socialenvironmental landscapes: remarks on the control of avian influenza and preparedness for pandemics This paper (No. 12122016-00090-EN) 
Introduction
Influenza viruses have a broad range of susceptible hosts, which has favoured spill-over from aquatic birds to other avian species and to mammals, including humans. The biological characteristics of influenza viruses give them the capability to mutate at very high rates, resulting in viruses that can infect and eventually establish themselves in new host populations. Both of these traits are exemplified by pandemic influenza virus strains that ultimately become adapted to humans, causing recurrent seasonal epidemics (1, 2, 3).
Examples of this include the strain of influenza virus that caused the Spanish influenza pandemic in 1918 (resulting in more than 20 million deaths) (4) and the most recent pandemic in 2009. In preceding years it had been observed that the frequency of outbreaks and pandemics had an interval of more than 11 years, and that there is a cyclic presentation of the subtypes causing major epidemics or pandemics in human populations. The factors that restrict host range, mechanisms of adaptation of influenza viruses to new hosts, and host-pathogen interactions that explain the appearance of new influenza viruses constitute a complex system that has become a priority for research on influenza viruses (5, 6, 7).
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The main objective of this paper is to present a comprehensive review and analysis of the state of the art in relation to influenza virus evolution, describing the most significant influenza pandemics, and addressing the importance of ecosystem modifications and animal species in the dynamics of the disease. The most relevant facts regarding influenza virus and factors that might be considered when approaching the dynamics of the disease are discussed. The structural characteristics that allow the virus to interact with host cells include two spike-like molecules located at the cell surface of the virions. The haemagglutinin (HA) glycoprotein, a type I molecule, is rod shaped and allows the virion to enter the cell by attaching to the host cell's sialoligosaccharides. Once the HA has attached to sialic acid receptors, the virus will enter the cell by endocytosis. A low pH in the endosome is needed for the HA to be activated and to expose the fusion peptide so the virion envelope can fuse with the endosome membrane. In contrast, the neuraminidase (NA) glycoprotein type II molecule is mushroom shaped. It allows the release of virions from the cell and removes acquired sialic acid residues from the host cells and virions, preventing the aggregation of the progeny viruses (11, 12) .
No. (13, 14, 15, 16) .
Pandemics caused by influenza viruses have been documented since the 16th Century (17) . Although there are no records of the death toll of an early pandemic that occurred in 1889, data show that it was caused by an H3N8 influenza virus strain. After this, the well-known devastating influenza pandemic referred to as the 'Spanish flu pandemic ' occurred in 1918-1919 (18, 19, 20) . (20) . It is presumed that at least 50 million people died, in most cases from pneumonia resulting from a secondary bacterial infection. The symptoms were so unusual that it was first confused with dengue fever, cholera or typhoid (20, 21 strain was reported in Hong Kong. At that time the virus spread rapidly throughout Asia, but it has not been able to cause a pandemic so far (26, 27, 28) . It is known that H5N1 virus can be transmitted from person to person in some specific cases; it is also known that backyard poultry play a role in the maintenance of the virus, and that close contact of humans with birds, either in markets or in cockfighting clubs, plays an important role in the transmission of the disease (29, 30 China, was admitted to a hospital in Canada and found to be positive for H5N1 influenza virus. The patient was treated, but she died on 3 January 2014. Although poultry markets are considered to be one of the main risk factors for H5N1 AIV transmission, the interaction of migratory birds and human socio-economic behaviour needs further study (29, 30, 35, 36, 37) .
In February 2013, while the H5N1 virus was still circulating in Asia, another influenza virus emerged. China reported a new strain that was causing pneumonia in humans: H7N9 AIV (29) . The H7N9 virus is known to circulate in wild birds and ducks, but no human case had been reported before this event. Such AIV strains are of low pathogenicity in birds, which means that birds will not develop disease or die, making surveillance in these species difficult. As a result, humans will act as sentinels of the disease (35, 38, 39) .
However, H7 subtype viruses have been present in enzootic outbreaks in birds; in addition, their ability to undergo genetic mutation and become highly pathogenic in birds has been documented. Viruses of this subtype have also caused infection in other mammals, for instance H7N7 viruses that emerged in 1956 and the H3N8 that appeared in the 1960s co-circulated, infecting horses for decades, with the former H7N7 virus subtype being replaced by the H3N8 from 1979 (11, 20) .
It is important to mention that the genome of the H7N9 strain of AIV that infected humans in 2013, and that is currently circulating in China, had its origin in three different avian sources, which gave the new strain the molecular characteristics that allow transmission from person to person (39, 40, 41) . Although none of the viruses from which the H7N9 strain originated has caused a significant outbreak or pandemic, the basic characteristics and current situation of the three avian viruses, the H7N9, and the H7N3 and the H2N6 that gave rise to the H7N9 influenza virus strain, need to be addressed. The H7N3 strain has caused disease in humans and birds since 1994, it has been isolated from a wild duck (Anas platyrhynchos), poultry and domestic turkeys in Italy, and it was isolated from a wild bird in China in 2011.
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Human cases have been reported from Mexico, Canada and the United Kingdom (12, 42, 43 (11, 41, 42) .
Influenza viruses have been present throughout human history and it seems that they will continue to be. This is why the social, economic and environmental factors that may play a role in influenza outbreaks and pandemics should be understood, as well as the role of reservoirs, in order to be able to put in place adequate surveillance plans and preparedness for the next influenza pandemic (3, 43, 44, 45) .
Ecosystem remodelling, reservoirs and human activity
The creation of new niches is increasing as a consequence of the rapid expansion of human populations, which are becoming established in territories that used to be entirely natural. Human populations have migrated from rural areas to cities; this expansion, which involves the introduction of roads, houses, etc. to new geographical ranges, increases contacts among humans, animals and infectious agents, creating opportunities for infections to jump the species barrier.
Moreover, agricultural systems must meet the increasing demand by introducing more animals into production facilities, leading to habitat alteration, deforestation and increased close contact with wildlife (34, 46, 47 Consequently, there is a need to understand multi-host pathogens and population dynamics, as has been mentioned by different authors (22, 53, 54) .
The role of animals in the dynamics of many diseases is clear, and should be evaluated, taking into account the human-animalenvironment interactions and dependencies (46, 55, 56) . This is particularly important for the pandemics mentioned above which included an animal reservoir in their appearance and transmission. The 2009 influenza pandemic caused by H1N1 has been associated with spill-over and reassortment of influenza viruses involving pigs.
Traditionally, pigs have been identified as a species that acts as a 'mixing vessel' for influenza viruses, owing to the fact that they can be infected with human, avian and swine influenza viruses (57) .
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Recently, bats have also been identified as a reservoir for influenza viruses, along with coronavirus, filovirus, lyssavirus and others. In addition, their population arrangement, density, global abundance and diversity of species are features that make bats an ideal animal reservoir (58) .
It was known that the H17N10 strain of influenza virus was circulating in bats from Guatemala and, in 2010, Tong and colleagues investigated whether similar influenza viruses were present in bats in South America (59) . They sampled bats in the Amazon rainforest of Peru and found another influenza strain circulating: H18N11. The researchers concluded that sialic acid is probably not the only receptor for this virus and does not act as the substrate for virus release. The HA molecule does not contain the cavity necessary for linking with sialyated glycans; in addition, the molecule is negatively charged, which may cause a conflict between charges during receptor binding.
One theory is that perhaps H17 and H18 do bind to sialic acid but the binding affinity is too weak to be detected; alternatively, the virus may have another protein-based receptor, as some paramyxoviruses do.
Nevertheless, focus should be applied to the relationship between the viruses and the environment surrounding these reservoirs, which results in modifications in host-virus interactions (53, 58, 59) .
Regarding the origin of H18N11, phylogenetic analyses have shown that this strain is most closely related to the H17N10 virus circulating in Guatemala, but is in a different lineage. Inevitably many questions remain related to these findings, and it is of great importance to conduct more investigations to better understand the molecular hostvirus interactions of H17N10 and H18N11 in bats and in other species, as well as the role of bats in influenza virus spread and maintenance (53, 59) . Close attention should be paid to poultry husbandry systems that may allow birds to be at risk of being in contact with bats. In addition, it will be of great use to understand bat social networks, in order to be able to map any alteration in the population that might be important in the appearance of a new influenza outbreak. The capability of H17N10 and H18N11 to
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As mentioned previously, bats are distributed worldwide and can adapt very well to human environments, adopting buildings, bridges, tombs and mines as breeding, feeding or resting sites. Furthermore, they can travel for some 2,000 km, contributing to virus dispersal and infection of other animal species along their journey. They live in high density populations which contribute to the maintenance and exchange of viruses. Furthermore, they can be infected with many viruses and carry them asymptomatically. Finally, risk factors associated with close contact with bat faeces and urine, as well as consumption of bat meat, are subjects for research (22, 24) .
Major issues and challenges related to influenza viruses
Previously unknown infectious diseases affecting humans have centuries (emerging or re-emerging) have arisen from contact between humans and the animals that are reservoirs of these agents (27, 46, 48) .
The emergence of zoonotic diseases is determined by different socioeconomic and environmental factors. Despite the evidence supporting this, there remains a strong need to understand the environmental modifications that contribute to the emergence of new diseases, including a broader analysis of the reservoirs, their ecology, habits, and the interactions with their environment and with humans (1, 22, 33, 47, 48, 53) .
The reality is that pathogens have found better opportunities for jumping the species barrier, and efforts should be focused on the
No. 12122016-00090-EN 11/20 environments in which animal reservoirs, pathogens and humans interact (26, 53) . The role of bats in influenza virus transmission and the potential of the virus to be transmitted from bats to animals that can allow reassortment, such as pigs or ducks, is still unknown (51, 58) . Nevertheless, it is clear that human activities and habits can act as a trigger to allow the close contact of domestic and wild animal species, increasing the risk of outbreaks and spill-over (8, 18, 43, 44, 46, 53, 58, 59) . 
